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ABSTRACT· 
Precast concrete is being used widely in many applications 
because of its advantages over other construction methods. However, 
precast concrete is not being fully employed in structures. that 
require moment connections as in the design for moderate to heavy 
seismic resistance. 
' Research has been performed at the Research Center for 
Advanced Technology of Large Structural Systems (ATLSS) at Lehigh 
University. The study was an investigation into the design and 
performance of an innovative precast concrete moment connection·. 
The goal of the project was to develop a connection that would 
adequately resist moderate earthquake forces and would be easy to 
erect. The connection would consist -of a beam and a column cast 
separately. The column would be cast with an opening at its center 
through which the beam is passed. 
Three full-scale connecting beams were tested utilizing a 
setup that simulated the column reactions of an interior moment 
connection. Reversed cyclic loading was applied to the connection 
to simulate seismic forces. The results of the experimental program 
indicate a successful connection. The three specimens displayed 
adequate strength and ductility required\to resist lateral forces. 
Displacement ductilities reached as much as nine times the yield 
displacement. The specimens were loaded well into the inelastic 
range with no degradation in load-carrying capacity. 
' 
• 
CHAPTER 1 - INTRODUCTION 
Precast concrete has prevalent advantages over cast-in-place 
concrete~ Precast concrete is fabricated in a controlled factory 
enviro-nment wh.ich can assure higher quality by eliminatin:g the 
po-tential errors of on-site c.asting. Reinforcing bar configurations 
and c.oncrete composition can be attained with more precision and 
weather conditions are no longer variable. 
Using precast concrete expedites construction and is very 
e.conomical. The forming, casting, and finishing is completed at the 
precast plant; therefore, significantly less on-site labor ' lS 
required. Concrete can also be shaped into almost any structural 
form and many architectural finishes are available. 
The economical advantage of precast concrete can be increased 
if member shapes and reinforcing details were standardiz.ed and could 
be mass produced. With reliable and easy to execute con·necti.ons, 
precast concrete can be incorporated into future automated design 
and construction techniques. Automated construction procedures are 
being developed through another research project in the Advanced 
Technology for Large Structural Systems {ATLSS) Center at Lehigh 
University. 
Precast concrete is being used widely in many applications 
because of its many advantages over other methods of construction 
as mentioned. Most of these applications involve simple 
connections. The method is not being fully employed in structures 
that require moment connections as in the design for moderate to 
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heavy earthquake forces. Some precast concrete structures have 
failed in the past under earthquake loads, however-, the damage was 
due to poor detailing. 1 
Concrete is inherently a brittle material and relies on 
reinforcing steel for its ductility and tensile strength. 
Reinforcing steel is not continuous in precast concrete, therefore, 
a ductile structure may not always exist. It is necessary to 
improve the conn:ections used in precast concrete construction in 
order .that the method can be applied • in seismic-resistant 
structu:res. 
1.1 Problem Statement 
1.1.1 Seismic Forces An earthquake produces large 
displacements and stresses in a structure. "The goal in earthquake 
· I · .. I I 
engineering is to provide structures that will resist • minor 
earthquakes without damag.e, resist moderate earthquakes without 
structural damage but with some non-structural damage, and resist 
major earthquakes without collapse but with some structural and non-
structural damage." 2 These requirements can be successfully 
satisfied if care is taken in the design anq. detailing processes. 
There are certain design criteria that must be considered in 
order that a structure can successfully resist lateral loads due to 
seismic ground motion. First and foremost, the structure must be 
ductile. If the structure is ductile, it will undergo significant 
plastic deformation prior to failure. 
Precast construction most commonly uses the beam-column 
interface to make the connection. This discontinuity is often the 
weak link of the structure but, unfortunately, is also the most 
- 3 -
likely location where plastic de{ormation takes place. If the 
plastic deformation propagates into the column, severe instability 
problems result. 
The strong-column, weak-beam concept is usually follo·wed in 
sei·smic-resistant design. Correct design procedures allow the 
column to remain elastic while plastic h·inges form in the beams. 
The plastic hinge must form away from the column face to protect the 
integrity· of the column. As the column is protected, the stiffness 
and stability of the structure can be preserved. 
Energy dissi·pation must also be considered in seismic design. 
An earthquake is a release of energy in the form of· ground motion. 
This motion displaces the building and transfers energy to it. The 
energy inpu.t into the building must be dissipated through structural 
movement and its resistance to motion. As a structure is more 
ductile, it is able to deform prior to failure and more energy is 
dissipated. 
1.1.2 Current Practice Current design and construction 
procedures hinder the use of precast concrete in moderate to high 
seismic risk regions. It is not a current thinking that precast 
concrete can provide the ductility needed to 
I insure energy 
absorption. Engineers must look toward more economic methods of 
meeting stringent requirements. 
These requirements are difficult to achieve and there are few 
guidelines that exist today. There are no seismic requirements 
specified for precast concrete to address the complex problem of 
connections. The ACI Code 3 contains a chapter on pr.ecast concrete 
and merely states in Section 16.2.2: 
- 4 -
"In precast construction that does not behave 
monolithically, effects at all interconnected and 
adjoining details shall be considered to assure proper 
performance of the structural system." 
The PC! Design Handbook4 includes one paragraph o-n moment 
connections in Section 15.9: 
"Moment connections are sometimes required in building 
frames ... Moment-resisting capacity is attained by 
designing the connection so that a force couple can .be 
developed. Tensile capacity through the conr1.ec·tion can 
be attained by studs, deformed bar anchors, inserts, 
welding, pos·t-tensioning or combinations of these." 
Current practice in the United States utilizes mechanical 
devises consisting of plates connected to ernbedment devices in e.ach 
element. 
-connection. 
Welding these plates to one another produces the 
The PCI. Design Handbook provides guidelines for the 
capacities of embedment devices. These guidelines are, however, 
based on concrete pullout tests which rely on the tensile strength 
of concrete. While this method may be satisfactory for precast 
buildin.gs that do not resist lateral loads, it is not adequate for 
seismic design. If concrete tensile failure re:sults in precast 
concrete structures, a brittle structure will result. . . Also, to 
develop the force couple for moment connections with the methods 
mentioned, the plate and weld dimensions become so large that the 
detail is no longer economically feasible. 
In order to provide ductility in reinforced concrete, there 
must be continuity in the tensile reinforcement, thus providing 
proper force paths. 5 Wet connections that join protruding 
reinforcing steel from each structural member provide continuous 
connections. Splice sleeves are also used to interlock the 
reinforcement. These methods allow proper force transfer from the 
- 5 -
tensile reinforcement in one precast member to the reinforcement in 
another. 
1.1. 3 Literature Review There were a number of research 
projects and new construction techniques. that aided in the 
development of the precast concrete moment connection discussed in 
this paper. A few connection confi-gurations that had the most 
influence will be discussed briefly. 
Pillai and Kirk designed and tested a beam-column connection 
for precast concrete that consisted of welded reinforcing bars, 
welded plates and wet donc.rete. 6 These connections were as strong 
as or stronger than the monolithic counterpart, thus proving an 
adequate connection for seismic. resistance. The failures obse·rved 
were in the reinforcing bar welds. 
The University of Minnesota c.arried out a number of related 
-
projects addressing the feasibility of prestressed precast concrete 
moment connections for seismic applications. 7 The tests consisted 
of dry and wet connections which incorporated a variety of post-
tensioning rods, threaded reinforcing bars, and welds to connect 
precast beams to precast columns. The plastic hinge was developed 
in a variety of desired locations along the beam. The connections 
provided adequate strength and ductility and exhibited satisfactory 
behavior necessary to resist lateral loads. 
The University of Texas at Austin studied moment connections 
for composite framed structures. 8 The basic geometry of the joint 
consisted of a steel beam cast monolithically through a reinforced 
concrete column. Several tests were conducted with varying 
structural details. The conclusions of the experiments stated that 
- 6 -
the composite beam-column connection was a reliable detail with 
behavior characterized by reasonable stiffness at service load and 
a ductile failure at ultimate load. Deformations of the composite 
joint at service and ultimate load were comp.arable to those in 
reinforced concrete and welded structural steel connections. 
Additionally, under reversed cyclic loading, the connection showed 
toughness comparable to conventional reinforced concret.e joints 
detailed for seismic design. 
The gO~l of the precast co~crete industry is to be comparable 
to steel in design and construction. The objective of research is 
to acquire the ductility needed for seism·ic applications and at the 
same time eliminate the complicated connection procedures. 
1.2 Objective and Scope 
The connection discussed in this paper was developed to 
accomplish two goals. The first goal is to develop a precast 
concrete moment connection that can adequately resist moderate 
earthquake forces. The second goal is to develop a connection that 
is to execute. It is desirable to reduce the welding, casting, 
grouting, post-tensioning and other procedures conunonly performed 
on site to complete the connection. These goals, once realized, 
broaden the scope of applications for precast concrete and produce 
a more economical method of construction that will extend into 
future applications with automated design and construction. 
The scope of the project encompassed the conceptual 
development of the connection, preliminary design and analysis of 
a prototype structure that incorporates the connection., and detailed 
design . of the connection using both the ACI Code .provisions and 
- 7 -
truss modeling9 • Three full scale connecting beams we~e cast at 
the Imbt Laboratory at the ATLSS Cente·r and were tested utilizing 
a setup. that simulated the column reacti.ons for an interior momen-t 
connection .. Reversed cyclic loading was applied to the connection 
to simulate seismic forces. The results are -discussed and 
reconunendations are made for future· stucly and modification of the 
connecti-on. 
1.3 Connection description 
Through a study of the existing practice of precast moment 
connections and research in new precast moment connections, a 
geometrical d_esign for an interior moment connection was proposed. 
It consists of a column and a beam cast separately. The column was 
to .be cast with an opening at its center through which the beam is 
passed to make the connection as shown 
I in Figure 1. This 
configuration contains a continuous beam which allows the steel in 
the joint area to extend beyond the column face where the typical 
column transverse reinforcement ends. This continuity aids in 
moving the plastic hinge to a mor~ desirable location and results 
in a more ductile connection10 • The extended steel also confines 
the joint more completely11 • 
in Chapter 3. 
These aspects are discussed further 
There are two variations of the connection under 
consideration. The first connection, as shown in Figure 1, relies 
solely on bearing reactio·ns between the beam and the column for 
moment resistance. The second design incorporates angles for added 
shear transfer capacity. Steel collars enable the tra·nsfer of· 
- 8 -
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tensile forces through welded angles into the column as shown in 
Figure 2-a. Both of these force transfer method:s were studied. 
Through analysis of the connection it was found that there was 
potential for success without the use of angle.s and therefore 
welding could be eliminated. The moment connection that is focused 
on in this study, therefore, is the variation without the angles and 
welding. The connection is completed by passing the beam through 
the column and grouting the joint. 
There are a few modifications of the connection that 
facilitate irrunediate application in today's construction industry. 
As mentioned earlier, this moment connection is geared toward 
automation in construction. With the equipment that exists today, 
however, it may be difficult to achieve the· precision needed to pass 
the beam through the column with minimal clearance. Cran·es a.lone 
cannot assure the accuracy needed and other factors, such as wind, 
can complicate the procedure further. 
Tilt-up construction is one method that reduces th-e degree of 
precision required. The beam is guided through the column while on 
the ground. When the frame or section thereof is complete, it is 
tilted into place. It is also possible to modify the subassemblage 
as in Figure 2-b. The column is designed to be connected at the 
joint with splice sleeves* or other splice methods that are 
equivalent to a continuous joint. The beam is placed into the lower 
column section and the upper column section is seated on top. The 
joint is then grouted. 
There are methods that help preserve the stiffness of the 
* NMB Splice Sleeve System (Distributed by Splice Sleeve North America) 
- 9 -
joint by preventing crushing at the beam-column interface. The 
reactions between the beam and column are very large compressive 
forces which tend to concentrate toward the column _face. Plates are 
embedded in the top and bottom of the beam at the joint to help 
distribute the compressive force over an area and angles are 
embedded in the column for the same reason. Both are sho·wn in 
Figures 1 and 2. These steel elements serve to confine the concrete 
and distribute compressive- forces rather than transfer tensile 
forces. To eliminate grout crushing, a high strength grout or an 
epoxy grout is recommended. 
) 
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CHAPTER 2 - PROTOTYPE STRUCTURE 
A prototype structure was designed to determine typical forces 
.being applied to the p.recast moment connection. Aside from 
resisting moderate earthquake forces, the connection was intended 
for mass production of standard members that would be conducive to 
automated construction. A build.ing with simple geometry and 
relat·ively light live l:oads was a suitable structure· that would take 
advantage of this type of construction. 
2.1 System Description 
An eight story building for residential or office use was 
chosen for the prototype stru·cture. The geometry and dimensions are 
shown in Figure 3. The structure was designed for an area of 
moderate seismic ri.sk and for complete precast construction.. In 
addition to beams and columns, there· were pre cast floor planks and 
shear walls in the structure. 
For the analysis of the structure, the precast planks carried 
the gravity load to the beams that span the north-south direction 
(Figure 3) . The lateral load in the north-south direction was 
resisted by shear walls at the east and west end faces.. The lateral 
load in the east-west direction was resisted by a moment frame in 
that direction and did not carry gravity load. The interior joints 
therefore were comprised of simple connections on the north and 
south face to carry the distributed gravity load, and moment 
- 11 -
connections in the east and west direction to carry lateral load and 
the beam dead load. 
2.2 System Design 
The 1988 Uniform 6uilding Code12 (UBC) was used to determine 
the loads required for design of the prototype structure. 
2.2.1 Dead Load The distributed dead load was 100 psf. This 
included the weight of the plank and an estimated non-structural 
dead load. 
2.2.2 Live Load The design live load was 50 psf. This was 
adequate for either office or residential use as required for Group 
R occupancy according to the UBC. 
2.2.3 Wind Load UBC Section 2311 was used to calculate the 
wind load. The Code states, "design wirtd pressures for 
structures ... shall be determined for any height in accordance with 
the following formula:" 
p = Ce Cq qs I 
where: C e - Design wind pressure 
Cq - Combined height, exposure and gust factor 
coefficient 
qs = Pressure coefficient for the structure 
I = Importance factor 
with these coefficients corresponding to eastern Pennsylvania and 
an importance factor (I) = 1. 00 for an average structure, it was 
found that the wind forces did not govern the design. 
- 12 -
2. 2. 4 Earthquake Load Section .2312 was used to determine the 
., 
lateral load due to earthquake effects. The total design base shear 
was found by: 
where: V 
z 
I 
C 
s 
w 
~ 
V = ZICW/R,, 
= Base shear 
= Seismic zone coefficient 
= Importance factor 
= Coefficient based on structure period of vibration 
= Coefficient for site-structure response 
= Total dead load 
= Structural response modification factor 
The structure was designed for seismic zone 2A. 
The coefficient is a structu·ral response modification 
factor that depends on the design criteria used. The frame. analyzed 
was categorized as an intermediate moment-resisting space frame 
(Rw=7) • This required the structure to be designed in accordance 
with Section 2625(k) of the UBC which are .essentially the 
requirements of ACI Appendix A.9 for moderate seismic risk. It was 
found that earthquake load governed the lateral load design. 
The moment frame was analy·zed for the loads obtained. Lateral 
loads cause a structu·re to deform as shown in Figure 4-a and a 
subassemblage can. be isolated as shown in Figure 4-b. The loads 
acting on the connection can then be found. The fourth floor 
interior connection was chosen for design and testing because it had 
_optimum loads that would not require welded angles in the connection 
for added strength .. 
,· 
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CHAPTER 3 - CONNECTION DESIGN 
6 
The precast concrete moment connection is comprised of two 
members: the column with an opening cast in it and the beam which 
passes through the column opening. This configuration is unique 
.. 
from the connections that exist today. The connections that have 
been r~searched and used in practice consist of a continuous:, solid 
column and beams that are connected to the column face. 
There is limited guidance provided for the design of precast 
concrete moment connections, as mentioned earlier. Design 
procedures and guidelines for precast concrete were developed 
through experience. They are a cumulation of recommendations and 
requirements that have been established for monolithic rein.forced 
concrete in combination with guidelines fo.r the use of mechanical 
devices and other construction aids. 
There were no design guidelines that directly applied to the 
connection under consideration because of its unique geometrical 
configuration. It was necessary to use a rational design method 
that could be applied to any connection geometry and could assure 
that the forces and reactions were transferred through the column 
and beam successfully. 
3.1 Design Procedures and Requirements 
The method of truss modeling was being studied at Lehigh 
University13 and was introduced as a convenient method of design 
for the precast concrete moment connection. While truss modeling 
- 14 -
was the primary method used, the ACI Code requirements ~and its 
appendices were satisfied .for the designing and detailing. 
3.1.1 Truss Modeling Truss modeling is a "unified design 
concept that is consistent for all types of structures and all their 
parts " 9 • The concept stems from a rat·ional approach. that is based 
on realistic physical models. These models are composed of struts 
and ties which are compressive stress fields interconnected by 
tensile ties. These models simplify the stresses in a reinforced 
concrete member to re.present, compression and tension members that 
are joined by nodes . 14 
There are two types of regions in a given member. "B'' regions 
are uniform beam sections in which a t.ypical truss. can be fit. The 
beam and column sections away from the joint area are "B" regions 
(Figure 5-a}. " D " . I regions are disturbed I . regions, such as 
connections, that require a more complicated interconnection of 
tension and compression members (Figure 5-b) 15 • 
With these concepts in mind, the beam and c:olurnn were analyzed 
and designed separately. Equal and opposite reactions between the 
two members were applied as loads to each member to satisfy 
equilibrium. A truss was designed to transfer the forces through 
the concrete members. All the nodes were in equilibrium and each 
strut and tie was sized to carry the force acting in the truss 
element. The require.ct concrete dimensions and reinforcing bar are.as 
were thus determined. 
3 .1. 2 ACI Code Although truss modeling wa~ primarily used for 
both the design of the members and the .detailing of the joint areas, 
- 15 -
the ACI Code was also used. Sorne details were modified to satisfy 
~ . 
ACI Code provisions and some requirements were incorporated in truss 
modeling. 
Appendix A of the ACI Code was satisfied for moderate seismic 
loading. ACI Section A.2.1 states that reinforced concrete· frames 
in regions of moderate ~eismic risk must meet the provisions of 
Appendix A. 9, however some requirements for high seisn1ic risk were 
also satisfied. The I I provisions for development length and 
confinement were satisfie.d to justify using truss modeling which is 
based on fully cracked, confined sections. 
3.2 Bearn Design 
The truss model for the beam design is shown in tigure· 5. The 
truss model governed the amount and lo.cation of ' primary 
reinforcement needed (Figure 5-a}. The beam and joint detailing 
then cons.:isted of anchoring the forces properly with acceptable 
development procedures. 
The longitudinal steel in the beam was constant throughout the 
length of the beam and was based on requirements at the joint. The 
stirrup spacing required by truss modeling was decreased by the 
provisions of the ACI Code Appendix A to a spacing of d/4 to assure 
confinement of the concrete for ductility. 
The amount of joint reinforcement needed was determined by 
designing a valid truss in the connection region as shown in Figure 
5-b. The tensile ties in the joint are similar to the transverse 
reinforcement present in typical monolithic or precast columns. The 
ACI Recommendations for Design of Beam-Column Joints in Monolithic 
Reinforced Concrete·; Structures16 was consulted for comparison. 
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The truss model also prompted a need for the tensile ties to 
extend beyon·d the. column width ·where conventional reinforcement 
ends. Extending the reinforcement beyond the joint results in 
proper development of the reinforcement beyond the node and confines 
the region. (The node is the biaxially stressed region at the 
reaction points in the joint.) 
One of the primary reasons for the geometry of a continuous 
beam was to extend the joint reinforcement past the column area 
allowing it to serve two purposes. The first is to provide the 
necessary reinforcement to t.ransfer the forces through the shear 
panel. The second is to increase the strength of the beam just 
beyond the column face to force the plastic hinge away from the 
joint. 
The reinforcement is shown in Figure 6. All the forces are 
transferred without eccentricities. The loads at either end of the 
beam are successfully carried through the beam ~n equilibrium with 
the column reactions. 
There are two reports addressing concrete moment connections 
that support the connection design. A study was done on t-he "shear 
strength and hysteretic behavior of interior beam-column joints. "11 
This was a study on monolithic joints, however it gives some insight 
into the problems with precast concrete moment connections. The 
author, Roberto Leon, states that if there is a strong bond present 
between the concrete and the longitudinal reinforcement that passes 
through the joint, the panel truss mechanism forms. This res~lts 
in low she 
capacity of 
I 
stresses in the joint and limited degradation I ·1n 
joint under cyclic loading. If, however, there is 
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poor bond in the ·joint region, a compressive strut tends to form and 
there is very ·high shear stress accompanied by shear cracking in the 
joint and degradation of joint capacity under cyclic loading. 
Convent.ional precast concrete design separates the beams and 
column at a critical area. The possibility for good bond conditions 
throughout the length of the joint are difficult to achieve because 
there is no development of those bars beyond the joint. There is 
therefore the need to transf·er the forces and develop the bar 
strengths by welding mechanical steel devices and using embedment 
devices that rely on the tensile strength of concrete. 
Leon's study, in combination with Al-Haddad and Wight's report 
on "Relocating Beam Plastic Hinging Zones for Earthquake Resistant 
Design of Reinforced Concrete Buildings"10 justified the design 
concept adopted in this study. Al-Haddad and Wight relocated the 
plastic hinge in monolithic joints by extending the transverse 
reinforcement bey.and the column--beam interface. 
3.3 Bearn Details 
The beam was designed to resist all forces acting on the joint 
of the moment connection with horizontal shear being critical. It 
was therefore beneficial to determine how the beam would behave 
alone when subjected to reversed cyclic loading. Three beam 
specimen's were detailed, built, and tested while the column was 
simulated through reaction points of the test setup. 
There were slight variations between the beams. Specimens 2 
and 3 had #6 longitudinal bars while Specimen 1 was stronger with 
#7 rebars. The method of anchoring the bars also differed. All 
specimen details are shown in Figures 6, 7, 8 and 9. 
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According to the truss model, the tension acting in the 
longitudinal steel at the joint was r·equired to be transferred 
through the joint to act in compression at ·the node on the opposite 
end. The steel was, therefore, required to be properly anchored 
outside the joint. Two anchoring methods were examined. The first 
was to extend the reinforcement straight beyond the joint to develop 
the bar as 
with hoops 
in Specren 3. The second option was to anchor the bars 
just beyond the specified location as in Specimehs 1 and 
2. The same two options were used to develop the joint shear 
reinforcement in the respective specimens. 
Splice clips* were used to complete the hoops where there was 
limited spabing in the joint for standard hooks and bends. The 
clips were also used to form a hoop for the stirrups. Th.is 
satisfies earthquake provisions of the ACI Code Appendix. See 
Figure 9 for illustration. 
The specimens were 10 feet long as opposed to th.e 25 foot 
design length due to economica.l and space restraints. Steel beams 
were connected to the end of the specimens to achieve the proper 
shear-moment ratio. Steel plates were connected to the ends of the 
concrete specimen. Bolts protruded from the end plate to facilitate 
the connection between the specimen and the .steel extension bea~s. 
The longitudinal ·reinforcement of the specimen was welded to the end 
plate to provide a direct transfer o·f moment and longitudinal stress 
from the steel beam into the specimen. This detail would not be 
incorporated in an actual connection. Plates were also embedded 
into the top and bottom of the specimen to distribute the reaction 
forces through the joint. 
* OS Splice Clip (Distributed by Spl·ice Sleeve North America) 
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3.3 Column Design 
The joint reactions are transferred as vert.ical compression 
forces from the beam to the column. The column therefore, does not 
resist the joint shear as in a conventional connecti·on and there is 
no need for heavy column transverse reinforcement. 
The truss model for the column is shown in Figure 10. The 
lo-ngitudinal steel once again t~ansfers the tension force through 
the joint to act in compression at the opposite side of ·the joint. 
It then reacts with the loads applied by the beam and they are in 
equilibrium. 
The column shear forces act in the same way as the beam shear 
forces. They are transferred through a uniform truss to the joint 
area. The tensile forces can be carried through the plate that is 
embedded in the column face.· The plate is present for the simple 
connection in that direction. 
The column was not tested in this project phase therefore it 
was not detailed. 
The combined truss model for the beam and colu·mn closely 
resembles a model for a conventional concrete monolithic connection. 
Similarities result between the reinforcement pattern in the precast 
concrete connection with the monolithic counte~part. 
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CBAP'l'ER 4 - EXPER:IMENTAL PROGRAM 
The experimental program consisted of three full scale beam 
specimens which were built and tested at the Irribt Laboratory of the 
ATLSS Center at Lehigh University. These tests were designed as 
pilot tests to the investigation·of the precast concrete moment 
connection described i:n this report. 
4.1 Test Specimens 
The three specimens were the same size a.nd had similar 
re·inforcing bar arrangements. The longitudinal reinforcement of 
Specimen 1 consisted of four #7 reinforcing bars while Specimens 2 
and 3 had #6 rebar. Specimens 1 and 2 utilized hoops t·o anchor the 
longitudinal and transverse joint reinforcement while Specimen 3 
took advantage of development lengths. 
seen in the specimen details. 
4.2 Material Properties 
. 
These diff~rences can be 
The beams were formed and cast horizontally in the laboratory. 
See Figures 11 and 12. Ready mix concrete was used and the three 
beams and test cylinders were cast in one pour. The mix was 
designed to have a 28 day compressive strength of 6000 psi. The 
maximum aggregate size was limited to 1/2 inch due to the close 
spacing of the reinforcement. Three slump tests performed 
throughout the pour showed ·an expected 2-1/2 inch slump. The 
specimens and cylinders were sealed with plastic covering to contain 
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the moisture while curing. The 7 day strength, 28 day strength, and 
strength at time of testing are listed in Table 1. 
Grade 60 steel was used for all reinforcement. The yield and 
ultimate strengths of the steel are shown in ·Table 2. The #7 bars 
required heat treatment of 1350 de·grees Fahrenheit for two hours to 
attain 60 ksi yield and a desirable stress-strain relationship. 
Where required, the reinforcing bars were heat-bent at the ATLSS 
laboratory. 
Tests were performed to verify the strength of the detail in 
which reinforcing bar was welded to a steel plate. The detail was 
used to provide a more direct force transfer from the steel 
extension beam to the longitudinal reinforcement, than the 
conventional methods u·tilizing ernbedment devices. For experimental 
purposes, this allowed a shorter section of the beam to be built. 
The detail would not be incorporated in actual connections. E90 
electrodes were used for the weld as recommended in the PCI Design 
Handbook for welding of rebar. The tests concluded that the detail 
would resist the yield strength of· the bar which- was adequate for 
the needs of the testing. 
4.3 Test Setup 
A moment resisting ductile frame deflects under lateral load 
as shown in Figure 4-a. The interior connection subassemblage can 
be isolated with loads applied at the infection points close to 
midspan in each member as shown in Figure 4-b. The test arrangement 
facilitated the beam deflection and simulated the column reactions. 
The column reactions consisted of steel bearing pads. The size of 
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·pads were the width ·an equivalent concre·te compression block in the. 
column. 
Two 20 ton capacity manual jacks were pin connected at either 
end and were used to load and deflect the beams. The test setup is 
shown in Figures 13 and 14. 
The test was performed horizontally since no vertical ·column 
load was applied. The beam rested on a wooden platform with plastic 
sheets in between to facilitate its movement. The beam reacted 
against steel p.lates th-at simulated column concrete compression 
blocks. The reaction for·ces were transferred into the floor through 
test frames on either side of the beam. The essential components 
of each .frame consisted of W8x67 and W14x193 beams bolted to the 
front and back., respectively, of two Wl2x87 stub columns. Steel 
plates were shimmed between the two beams to transfer the load to 
th-e stronger rear beam. The stub columns were bolted to t·he test 
floor. 
4.4 Loading Sequence 
A cyclic static load history was used to simulate the effects 
of lateral load reversals that occur during an earthquake. Eac·h 
cycle consisted of gradually applying a specific load or 
displacement to the I specimen, decreasing the load to zero and 
repeating the sequence in the opposite direction. 
The first stages of the load sequence consisted of cycling the 
specimens to approximately 75 percent of the theoretical yield load 
several times then cycling several times to the yield load. After 
these preliminary cycles, the load steps were governed by 
displacement and took the beams well into the inelastic range. The 
~\ 
\ 
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peak displacements corresponded closely to ductility fac.tors of one, 
two, three, etc. until failure. The load cycles were ~epeated at 
'·" 
each peak displac.ement to observe degradation of strength and 
stiffness of the specimen. After each set of cy.cles with the same 
peak displacement, intermittent cycles to the yield displ~cement 
were applied. This proce,ss continued until termination of the 
experiment. The load history described above is the ideal sequence 
and there were variations in each t.est. The actual load historie-s 
are listed in Table 3. 
4.5 Instrumentation 
Similar instrumentation was used for the three spec.imens. 
Linear variable displacement transducers (LVDT) were used to measure 
the displacements at the ends of the beam. They were also used to 
measure the cumulative rotation of the beam at distances of 9, 18 
and 27 inches relative to the sim.ulated beam-column face. ·Another 
LVDT was mounted to monitor the rigid body rotation of the beam. 
All the transducers were calibrate.ct and c·hecked for linearity before 
testing. The location of the transducers were the same for the 
three specimens and are shown in Figures 15 and 16. (For 
discussion, the section from Oto 9 inches from the joint will be 
referred to as 'section 1', from 9 to 18 inches will be referred to 
as 'section II', and from 18 to 27 inches will be referred to as 
'section III' . ) 
Strains in the reinforcing bars were mea-sured using electrical 
resistance strain gages. Approximately 50 strain gages were mounted 
on the rebar in each beam to monitor the strains throughout the 
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longitudinal and joint reinforcement. locations of the gages are 
shown in Figures 17, 18, and 19. 
A Whittemore Strain Gage was used to measure the diagonal 
compressive strains in the joint along the direction of the primary 
compression strut. 
Dial gages were used throughout the tests to monitor the 
reaction frame movement. 
A load cell measured the loads applied by the jacks at the 
beam ends.· 
4.6 Data Acquisition 
The MEGADAC data acquisition system • in combination with 
OPUS2000 software was· used to monitor and record data readings 
throughout the tests. A variety of programs. were used and/or 
written to reduce and analyze the data. 
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CHAPTER 5 - EXPERIMENTAL RESULTS 
The results of the experimental program are disc·ussed in this 
chapter. The beam component of the connection was tested. Three 
specimens were cyclical.ly loaded to simulate the effects of seismic 
forces. The. beams varied slightly in strength and detailing. 
\ 
5.1 Methods of Analysis 
5 .1.1 Instrumentation The specimens were instrumented as 
shown in Figure 16. Because symmetry was assumed, only one half of 
the specimen was heavily instrumented to obtain information about 
the specimen rotation. The discussion is therefore limited in most 
cases to the west half of the specimen for consistency in comparing 
the results. T.here were slight differences in the behavior· between 
C~-~e~ast and west ends and they are discussed in the conclusion of 
this chapter. 
5 .1. 2 Rigid Body Rotation. The two rea-ction frames were not 
fully restrained from deformation and they were pushed apart as the 
beam was loaded due to the high compressive forces acting at the 
reactions. An LVDT at either end of the specimen measured the 
movements of the beam. The measured displacement included a 
significant amount of rigid body rotation of the specimen within the 
test setup. The def le ct ion of the beam due to rigid ·motion was 
subtracted from the measured value. and this result is used in the 
analysis. When the beam is constructed with its column counterpart, 
•. 
rigid body movement is prevented due to the continuity of the column 
throughout the joint unlike the separate reaction frames. 
5 .1. 3 Load and Deflection The· load versus deflection curve 
for each specimen illustrates the load history. The load history 
consisted of initially loading the specimen to approximately 75 
percent of the yield load, then increasing to the yield load. After 
yielding, the load was governed by increasing the displac.ement 
ductility factor with intermittent cycles to the yield displacement. 
The measured end displacement of the specimen when the reinforcing 
bars yielded was the value used to· determine the displacement 
ductility. Initial yielding of the reinforcing bars coincided with 
the yield plateau as depicted in the load versus deflection plot. 
The actual yield displacements varied significantly from the 
predicted values. This result was unexpected since experimentally 
determined material strengths were used in the deflection 
calculations. Also, the beam reinforcement pattern was typical and. 
should have provided for accurate calculations. The discrepanc·y can 
be attributed to estimating the rigid body motion of the specimen. 
LVDT measurements and simple geometric relationships were used to 
estimate the rigid body motion of the specimen. 
Hysteresis curves were produced from the load and deflection 
measured at the specimen's end as opposed to the load point. The· 
moment-rotation curves were used to extrapolate the load-deflection 
curves to determine the deflection at the load point. The resulting 
curve provides an accurate indication of a 25 foot beam deflection. 
The moment versus rotation curves show limited rotation beyond 18 
inches from the column face with minimal hysteresis. Therefore, the 
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region beyo,nd 27 inches was assumed to be elastic. Consequently, 
• ,. 11 
the rotation at the specime.n' s end was equal to the rotation at 2 7 
inches from the joint. The total deflection then was found by 
simple geometry. The deflection due to shear and flexural forces 
in the same region was negligible in comparison.. The resulting plot 
will be referred to as the 'load versus total deflection' plot. 
5.1.4 Moment and Rotation The cumulative rotation was 
measured at 9, 18 and 27 inches from the joint. These rotations, 
with moments c·alculated at 9, 18, and 27 inches from the joint, were 
used to produce cumulative moment-rotation curves. The differences 
between the cumulative rotations were the incremental rotations in 
section I (from O to 9 inches), section II (from 9 to 18 inches) and 
s·ection III (from 18 to 27 inches). The mom~nt for these curves 
were calculated at 0, 9 and 18 inches, respectively bec:ause most of 
the damage in each section occurred closest to the column face. and 
the change in moment within a section is small. 
5.1.5 Stiffness The load-deflection plot provides a measure 
of the stiffness of the test structure. The stiffness of the unit 
during a given cycle is defined as the slope of the line joining 
points of maximum positive and negative deflection. The load versus 
total deflection curves were used for these calculations. 
5.1.6 Story Drift Story drift results from a cumulation of 
deformations that occur in distinct regions of a subassemblage. The 
components of deformation are: beam rotation and bending, column 
rotation and bending, a.nd joint shear deformation. These are 
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illustrated in Figure 20. Since column elements were not included 
in the experiment, no information was available on column 
deformation. The story drift calbulated was therefore the 
combination of beam and joint deformations. 
5.1.7 Joint Deformation The shear deformation in the joint 
could not be measured quantitativel.y due to instrumentation 
difficulties. The joint capacity and its role in the connection 
behavior was, however, qualified through a study of· the energy 
dissipation capacity. 
5.1.8 Energy Dissipation The area enclosed within the 
hysteresis loop at a given cycle indicates the energy dissipated 
during that cycle~ The total energy dissipated is found from the 
lbad versus total deflection curve of the beam. The total energy 
dissipated is actually the sum of the .energy dissipated in different 
regions of the unit. The energy dissipated in se-ctions I, II and 
III were found from the incremental moment ve·rsus rotation plots. 
The sum of the energy dissipated by these sections was the energy 
dissipated through formation of the plastic hinge in the specimen. 
The difference between the total energy dissipated and the energy 
dissipated by hinge rotation was the energy dissipated by both the. 
joint region and by the beam beyond 27 inches. The section of the 
specimen beyond 27 inches did not contribute to the energy 
dissipated because it was an elastic region. The remainder of the 
total energy dissipated was therefore attributed to joint 
deformation. 
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Energy dissipation is plotted against the calculated story 
drift to facilitate convenient specimen comparisons. 
5.2 Experimental Results for Specimen 1 
Specimen 1 was designed to endure the greatest load out of the 
three specimens. The beam contained four #7 longitudinal bars and 
eight #5 hoops in the joint. The longitudinal and joint 
reinforcement was anchored with 1hoops detailed to end five inches 
outside the joint. 
strengthened the beam. 
The extend.ed hoops confined the joint and 
5.2.1 Strength and Deflection The load-deflection plot for 
Specimen 1 which is based on the deflec·tion at the end of the 
specimen is shown in Figure 21-a. The load versus total d~flection 
plot which is based on the extrapolated deflection of an entire beam 
is shown in Figure 21-b. For clarity, the intermittent cycles to 
the yield displacement are not shown. Table 4 sununarizes stre11gth 
and displacement results. 
The predicted strengths coincided with the attained strengths. 
The specimen strength at a displacement ductility of two was 
maintained throughout the test. There was however, a five percent 
increase in strength at a ductility factor of five. This can be 
attributed to executing two cycles instead of thre-e cycles at the 
displacement ductility of four. As a result, the specimen's excess 
capacity was not fully depleted. 
The test was terminated when the jack's displacement capacity 
reached its limit. This occurred at a displacement ductility of 
6 .• 5. There was no evidence that the specimen's maximum capacity was 
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exhausted. The specimen's resistance did not decrease with 
increasing displacements. This indicates that additional capacity 
existed. 
5. 2. 2 Stiffness The stiffness of the specimen during each 
cycle is listed in Table 4. As expected, the maximum stiffness 
occurred during the first cycle to 75 percent of the yield load and 
decreased during every cycle thereafter. The largest drop in 
stiffness occurred during the first· cycle to a displ·acement 
ductility factor of two. The reduction in stiffness was attributed 
to initial yielding of longitudi.nal steel and crushing of concrete. 
The specimen stiffness tend~d to degrade during the second cycle to 
the same ductility factor and degraded only sl·ightly during the 
third repeated cycle. The stiffne.ss degraded to 11 percent of the 
maximum stiffness by the end of the test. 
5. 2. 3 Moment and Rotation The cumulative moment-rotation 
plots for sections at 9, 18 and 27 inches a.re shown in Figure 22. 
From these plots the incremental plots for sections I, II -and III 
were produced and are shown in Figure 23. Table 5 lists the total 
rotation percentage that occurred in each section. 
~.,_,__ .. _ 
From the incremental plots it can be seen that the majority 
(up to 86 percent) of the rotation occurred between zero and nine 
inches from the joint. This was expected since the plastic hinge 
was allowed to form where the reinforcement ended five inches beyond 
the joint. About 20 percent of the rotation occurred in section II, 
and less than 10 percent occurred in section III. 
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· · The incremental plot for· section III, Figure 23-c, shows 
slight hysteresis. This indicates that some plasticity occurred in 
the area. It was ass·urned that no plasticity occurr.ed beyond sectio_n 
III. The plasticity was ther.efore limited· to the region up to 27 
I 
inches from the joint. The remainder of the beam was e.lastic 
thr.oughout the test. The total joint rotation at the end of the 
test was 0.054 radians. 
5. 2. 4 Energy Dissipation The beam's total energy dissipation 
was calculated from the total load-deflection curves. The energy 
dissipated by sections I, II and III of the specimen were found from 
the incremental moment versus rotation curves. 
Table 6 lists the percen·tage of energy dissipated by each 
section. Figure 24 illustrates the distribution. As expected, the 
majority of energy dissipated, up to 84 percent, was due to section 
I. Secti.on. II dissipated up to 30 percent, and section III 
diss-ipated up to 16 percent. There was slight hysteresis in the 
third section which shows that it was not completely elastic. It 
was assumed that no plasticity occurred beyond the third section 
therefore no energy was dissipated beyond 27 inches. The remainder 
of the energy dissipated was a result of shear deformation in the 
joint. This accounted for 5 to 16 percent of the total dissipated 
energy. 
There were fluctuations in the percentage dissipated by each 
section throughout the test. The first cycle is omitted from 
discussion due to insignificant values. Section I accounted for 
approximately 82 percent of the total energy dissipated through a 
displacement ductility of two. The maximum energy dissipated by 
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either sections II or III was only 12 percent. During the eighth 
cycle to a displacement ductility of three, there was a drop in the 
energy dissipation percentage of section I and an increase in the 
dissipation percentage of section II. Section III remained 
constant. The shift occurred when section I reached its capacity 
and the thrust of additional plasticity was transferred to t·he 
second section. The energy dissipation of the first section 
remained constant yet the total dissipation percentage dropped. 
The maximum energy dissipation occurred during the last cycle. 
This capacity could have increased in additional cycles if the test 
was able to continue. 
5.2.5 Longitudinal Stress Distribution Strain gages measured 
the longitudinal stresses. The gages were mounted throughout the 
specimen on the reinforcing bars. Strain readings at peak 
displacements throughout the test are liste·d in Table 7. The gages 
listed are- representative of the general 
I 
str·ess distribution 
throughou.t the specimen and their locations are i11·ustr(:1ted in 
Figure 17. 
Table 7 shows that the joint reinforcement stresses did not 
reach yield during the test. On the average, the strains remained 
at one half the yield strain despite the damage in the joint region. 
The stresses increased slightly as the test progressed, however, 
they remained well below the yield point. The low stresses were not 
expected because the design was based on ultimate load stress 
distributions which predicted the joint reinforcement to yield at 
ultimate load. 
} 
I 
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The longitudinal reinforcing steel reached yield at the 
theoretical yield load as expected. Table 7 lists the strains and 
Figure 25 illustrates the strain distribution in the steel 
throughout the specimen length. The concentrated joint 
reinforcement was terminated at 15 inches from the center line and 
was predicted to yield first. The gages that first indicated yield 
were located 10 and 20 inches from the center lin~ of the specimen. 
The yielding propagated further along the longitudinal reinforcement 
resulting in a drastic increase in the strain at gage number three. 
This effect was also evident as the beam section energy dissipat.ion 
capaciti~s shifted, as mentioned in Section 5.2.4. 
The plasticity also extended into the joint. F·igure 25 shows 
the plot of gage 4, located at the center of the joint, and 
illustrates the increase in strain. The reinforcement at the 
opposite end of the j·oint remained elastic which indicated proper 
reinforcement development. 
5. 2. 6 Crack Patterns The specimen began cracking at five kips 
during the first cycle. Initial cracking in the specimen beyond the 
joint formed vertically and was uniformly spaced. This illustrates 
that flexural stresses governed over the shear counterpart. 
Diagonal cracking in the joint occurred at the same time and 
indicated the formation of a compression strut in the region. 
Typical initial cracking is shown in Figure 26. 
As the test progressed, additional cracks were concentrated in 
and around the joint area. The major crack openings were limited 
to a fifteen inch span just b~yond the reaction points (Figure 27). 
Joint cracks continued to propagate but crack width did not expand. 
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By the end of the test, the concrete just beyond the joint 
reinforcement crushed and primary cracks opened to approximately 3/8 
inch. 
5.3 Experimental Results for Specimen 2 
Specimen 2 was designed with four #6 longitudinal reinforcing 
bars and six #5 hoops in the joint. Consequently, its stiength was 
decreased relative to specimen 1. Hoops extended five inches beyond 
the joint and were utilized to anchor the longitudinal and joint 
reinforcement. This confined the joint and strengthened· the be·arn. 
5.3.1 Strength and Deflection The load~deflection plot for 
specimen 2 is shown in Figure 28-a. The load-deflection plot based 
on the extrapolated beam length is shown in Figure 28-b. The 
intermittent cycles to the yield displacement were not pl·otted. 
Table 8 summarizes the strength and displacement results. 
The predicted and actual yield strengths showed close 
agreement. After yielding, the resistance capacity of the specimen 
gradually increased throughout the test. The last load achieved was 
an expected 20 percent higher than the yield load due to reinforcing 
steel strain hardening. 
The test was terminated when the jack displacement capacity 
was reached. The specimen was not demonstrating a tharacteristic 
decrease in resistance which would indicate failure. Therefore, the 
specimen may have had a significant load resisting capacity 
I I 
remaining. 
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5.3.2 Stiffness The stiffness of the specimen ~uring each 
c_ycle is listed in Table 8. The maximum stiffness occurred during· 
the first two cycles. The largest degradation occurred at a 
disp.1-acement ductility of two and continued to decrease thereafter. 
The stiffness degr-aded to 13 percent of the ma;ximum stiffness by the 
conclusion of the test. 
5. 3. 3 Moment and Rotation The cumulative moment-rotation 
plots for 9, 18 and 27 inches from the joint are shown in Figure 29. 
The incremental plots for sections I, II and III are shown in Figure 
30. Table 9 lists the total rotation percentage that occurred in 
each. section. 
The majority of the rotation occurred in s.ection I and 
accounted for approximately 60 percent of the measured total 
rotation. Section II rotated approximately 30 percent of the total 
and section III accounted for about 10 percent. The percentages in 
each section remained fairly constant throughout the test. Through 
the elastic stage of the experiment, sect.ion I and II each accounted 
for approximately 40 percent of the total rotation. At ductility 
factors of two and three, the rotation in section I increased to 60 
percent while section II decreased to 30 percent. This revealed 
that much of the initial inelastic rotation occurred in section I. 
As the ductility factor reached four and five, the rotation of 
section I decreased relative to section II and the rotation of 
section III increased slightly. This indicated plastic deformation 
in the second section. At the concluJon of the test, the first 
section accounted for 75 percent ,of the rotation while rotation in 
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the second section dropped to 20 percent. The total rotation of the 
specimen was 0.058 radians at the end of the test. 
The moment versus rotation plot for section III shows little 
hysteresis indicating that minimal plasticity developed in the 
section. It was assumed that no plasticity occurred beyo.nd the 
third section. 
5.3.4 Energy Dissipation The total energy dissipated artd the 
percent dissipated in sections I, II and III are listed in Table 10. 
Figure 31 depicts the distribution. Most of the energy was 
dissipated in section I of the beam as expected. At the beginning 
of the test, section I accounted for 83 percent of the energy 
dissipated. The general trend throughout the load history exhibited 
a gradual decrease to about 55 percent. Section II demonstrated a 
gr a.dual increase {from 23 to 33 percent) in percent of energy 
dissipated throughout the test. Section II.I began dissipating 
energy at the displacement ductility of 3. 0, and increased to 
account for 12 percent of the totat. 
The surrunation of energy dissipated by the three sections· does 
not account for the total rotation. The remainder 
I is a.n 
approximation of the energy dissipated by the joint. In this 
specimen, the joint accounted for an insignificant amount of energy 
dissipated. 
5.3.5 Longitudinal Stress Distribution Table 11 lists strain 
gage readings representative of the strain distribution that 
developed during the test. The strains listed are those measured 
at peak positive displacements during the experiment. 
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The reinforcement in the joint remained elastic throughout the 
test. Strains in the joint ranged between 300 and 400 microstrains, 
which corresponded to a stress of about 10 ksi, and were consistent 
at the peak loads. 
The longitudinal reinforcement reached first yield when the 
theoretical yield load was attained. Figure 32 depicts the· strain 
distribution in the longitudinal bars at fi_ve locations across the 
joint. The gages that were located at 10, 20 and 30 inches from the 
centerline of the specimen yie.lded at approximately the same time 
and increased at the same rate. Gages 4 and 5 were located in the 
joint and remained below yield for most of the test. They began to 
increase just before the end ·of the test~ 
5.3.6 Crack Patterns Cracking began at five kips. Initial 
flexural cracks formed vertically and was uniformly spaced, and 
diagonal,cracks formed in the joint. The typical initial crack 
pattern is shown in Figure 26. Cracks located at the termination 
of the joint re inf or cement expanded significantly and crushing 
occurred in the same region with some loss of section. Figure 33 
shows photographs of the specimen at the end of the test~ 
5.4 Experimental Results for Specimen 3 
Specimen 3 was designed to have the same strength as specimen 
2 with four #6 longitudinal bars. The joint re inf or cement was 
comprised of twelve #5 bars to replace the six hoops in Specimen 2. 
C 
The reinforcing_ bars in the third specimen had anchorage details 
different from the other I specimens. Instead of using hoops, 
specimen 3 relied on reinforcement development lengths extending 
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through and beyond the joint to anchor the reinforcement. A slight 
increase in strength of this specimen over the second specimen was 
expected because the extended bars tend to strengthen the beam 
outside the joint and the plastic hinge forms farther. from the 
joint. 
Specimen 3 was the first to be tested. Complications with the 
,. 
test setup and reinforcing bar welds were encountered which forced 
the test to be terminated prematurely. These difficulties are 
discussed further in the conclusion of the chapter. 
5.4.1 Strength and Deflection The load-d~flection plot for 
the specimen and the extrapolated load-defle.ction plot for ·the. 
entire beam are shown in Figure 34. These plots illustrate the 
brevity of the test in comparison to the other specimens tested. 
Many conclusions can be drawn from the obtained data and 
observations. 
Table 12 lists the displacement ductility factors attained 
throughout the test. The maximum ductility factor reached was 2.6 
The ductility factors were randomly incremented due to complications 
and subsequent interruptions in the test. This specimen was not 
loaded intermittently to lower displacement ductilities. 
The specimen's resistance increased 20 percent thr·oughout the 
test. This may have resulted from omitting repeated cycles at each 
displacement level. 
5. 4. 2 Stiffness The stiffness of the specimen during each 
cycle is listed in Table 12. The maximum stiffne·ss occurred during 
the first two cycles and decreased steadily for the duration of the 
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test. The stiffness degraded to 23 percent of the maximum by the 
end of the test. 
5. 4. 3 Moment and Rotation The moment versus rotation plots 
shown in Figures 35 and 36 characterize the behavior of the 
specimen. The. incremental plot for section I shows linear elastic 
behavior while the plot for section II shows most of the rotation. 
Section III remained linear in the earlier cycles and became plastic 
in the later cycles. 
Table 13 lists the percentage of rotation that occurred in 
each of the three sect.ions. The first four cycles are omitted from 
discussion due to negligible total rotation. During the later 
cycles, the second section encompasses 80 to 90 percent of the 
rotation. The third section also shows increasing rotation at the 
end of the test. The first section accounted for up to 10 percent 
of the specimen rotation. 
5.4.4 Energy Dissipation The energy dissipated by each 
secti6n of the I specimen (Figure 37) shows that most of the 
plasticity occurred in the second section. Section I dissipated a 
maximum of 7 percent of the energy (Table 14) . Section II initially 
dissipated 93 percent of the energy and dropped to 30 percent by the 
end of the test. Although the percentage decreased, the amount of 
energy dissipated still increased but at a lower rate. Section III 
did not dissipate energy at the beginning of the test, but increased 
to 50 percent by the end of the test. This reveals that an 
increasing portion of the· structure was experiencing plasticity. 
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5. 4. 5 Longitudinal Stress Distribution The longitudinal 
stress distribution characteristics resulted from the reinforcement 
arrangement used. The joint reinforcement extended ·20 inches beyond 
the joint limits. This not only provided the proper development 
required, it significantly increa·sed the strength of the beam. 
Table 15 lists strain gage readings which show that the 
reinforcement did not yield in the joint region. The bars yielded 
beyond the development lengths of the bars. Figur~ 38 shows the 
distribution of the strains across the length of the specimen. The 
gages farthest from the joint were the first and only to yield. 
5.4.6 Crack Patterns The cracks in the third I specimen 
developed as in the first and second specimens which is shown in 
Figure 26. As addttional load was applied, few addition~! cracks 
formed in the joint. The damage was isolated to the region 30 
inches from the column centerline where the reinforcement ended. 
Figure 39 shows photographs of the cracks and failure that occurred. 
There was little ~rushing when the test was terminated. 
5. 5 s,,uanary and Co1oparison of Test Results 
This section compares the behavior of the three specimens. 
It is difficult to compare the results quantitatively due to their: 
design differences. The specimens behavior will there£ ore be 
discussed qualitatively. 
5. 5 .1 Experiment Termination and Weld Failure All experiments 
were terminated after extensive cracking of the critical regions of 
the specimens. Limits in the jack's displacement capacity caused 
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the first and second specimen tests to be terminated. Testing of 
specimen 3 was halted due t.o reinforcing bar weld failure. 
The longitudinal reinforcing bar welds wer·e a problem 
throughout the experiment. Tests performed on the detail prior to 
its application determined the weld to be adequate. The weld 
failure most likely resulted from concentrated tensile stresses 
transferred to the outer bars as opposed to linear distribution of 
stresses across the section. The welds were repaired after the 
initial failure. The test was resumed and different welds failed. 
The tedious I .. . repair process caused t·he test to be terminated 
prematurely. 
The- first specimen did not encounter failure in the welds. 
The larger diameter bar may have contr.ibuted to the success by 
providing a greater weld surface and a smaller percentage of heat-
affected area. The second specimen experienced weld failure. 
Subsequently, all the welds, even those in tact, were strengthened 
by using plates connected to both the bars and the steel plate. 
This detail was successful for the remainder of the test~ 
5.5.2 Strength and Ductility The three I specimens all 
.. 
demonstrated adequate strength and ductility at the time each test 
was stopped. Specimen 1 was displacement almost six times the yield 
displacement; I specimen 2 was displaced • nine times the yield 
displacement; and specimen 3 was displaced only 3 times the yield 
displacement. All results indicated that the specimens had 
additional strength and ductility capacities. 
A comparison of predicted and actual strengths are listed in 
Table 16. A 20 percent increase in strength throughout the test was 
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pr~di.cted from the increase in bar strength due to strain hardening. 
The actual yield strengths of the three specimens coincided with the 
predicted yield strengths. The capacities o.f specimens 2 and 3 were 
the same and increased 20 per.cent througho.ut the test to the 
ultimate strength as predicted. Specimen 1 only produced a five 
percent increase in strength throughout the test. This could have 
been attributed to unique stress-strain behavior resulting from the 
heat treatment process of the #7 bars. 
Table·. 16 shows that specimens 2 and 3 demonstrated the same 
strength, however, the story drifts listed in the table .indicate 
that the strengths were measured at different .stages in each test. 
Specimen 3 demonstrated the same strength as specimen 2 at o.ne 
quarter the story drift. ·Therefore, if specimen 3 test_ing had 
continued there may have been a further increase in strength at 
higher displacements, and specimen 3 may have demonstrated the 
highest ultimate strength of the three. 
5. 5. 3 Joint Reinforcement Truss modeling was the design 
method used and was based on ultimate stress- distributions. 
Therefore the joint reinforcement was expected to yield. As the 
joint develops severe cr.acks, the force transfer me,chanism typically 
shifts from a .c,ornpression strut to a panel truss mechanism whi.ch 
utilizes tensile ties to transfer the compressive stresses. The 
joint in specimens 2 and 3 was damaged heavily, however, the joint 
shear reinforcement never reached yield. The amount of 
reinforcement resisting joint shear coincided with ACI design 
recommendations for monolithic joint reinforcement, yet there were 
differences in the reinforcement anchoring methods. 
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Typical reinforcement in concrete joints are anchored inside 
the joint area. This introduces additional stresses on the joint 
which are taken into acdount through ACI design methods. Truss 
modelling locates the anchoring mechanism outside the joint 
therefore those stresses are removed from the joint. The 
experiments determined the joint. reinforcement to be conservative 
therefore it may not be necessary to utilize the ACI recommended 
quantity. 
5.5.4 General Specimen Behavior In general, the first and 
second I specimens performed similarly but with differences. ' in 
strength, and specimen three had strength similar to that of 
specimen 1 yet its behavior was unique from the other two. The 
differences that occurred were expected and were a direct result of 
the re inf or cement details. The joint reinforcement in the first two 
specimens terminated just five inches outside the joint yet the 
reinforcement in the third specimen extended 20 inches past the 
I I t JOl.n • 
The reinforcement in the first two specimens was designed to 
.. 
extend the full length of the joint for required strength and the 
hoops extended just five inches further to anchor the bars. This 
is further than conventional reinforced concrete design. It was 
believed that the additional length would strengthen the critical 
region at the column face and would help confine the highly stressed 
concrete in the joint. 
Initial cracking and yielding in the first two 
. . I . . 
specimens 
occurred where the joint reinforcement ended. As cracking continued 
and crushing began, the damage outside the joint extended into the 
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joint region. The interaction of the flexural stresses in the beam 
with the shear and compressive stresses in the joint intensified the 
cracking and the joint continued to degrade throughout the test. 
' 
The severe damage, however, remained beyond the reaction points. 
The third specimen behaved differently than the other two. 
The ·initial cracking was similar to the fi.rst two I specimens, 
however, as the test progressed, plasticity developed 20 inches from 
the joint where the extended reinforcement ended and never affected 
the joint. The joint did not experiencg,.ap increase in damage after 
.· ~ 
initial cracking. 
Synunetry was assumed between the two ends of the test for 
instrumentation purposes. As seen in the specimen detail.s, the 
longitudinal bars were closer tog~ther at one end and farther apart 
.at the. other. This facilitated reinforcement overlapping in the 
joint. The close reinforcement enabled more damage I in all 
experiments. Although the reinforceme·nt center of gravity was the 
same, the moment of inertia and confinement properties were s·lightly 
ctifferent. 
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CHAPTER 6 - CONCLUSIONS AND RECOMMENDATIONS 
6.1 Conclusions 
The purpose of this study was to develop a precast connection 
to resist moderate seismic ·forces. The results of the experimental 
program indicate a successful connection .. .The three specimens 
~ displayed adequate: strength and ductility required t:o resist lateral 
forces. They were loaded well into the inelastic ra·nge with no 
degradation in load-carrying capacity. 
Theoretically, it is desired t·hat the connection • require 
minimal construction effort. The study indicated that the 
connection would only require passing the beam through the column 
ope'ning and grouting the joint. The specimen was successful without 
the use of angles for added moment cap·acity. Therefore, welding, 
essential to current precast moment connections, is eliminated. 
Precast construction affords an economical construction method. The 
research discussed in this paper demonstrated its capability to 
enhance its application in resisting lateral forces. 
6. 2 Recona1.ondations 
The specimens tested proved successful, however it • l.S 
necessary to perform experiments on the entire joint, including the 
column. Additional studies are being planned at the ATLSS research 
center at Lehigh University for t·his purpose. A few recommendations 
are made for the study: 
.... 
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1) The column should be modified as shown i:n Figure 2. The 
arrangement sill facilitate use of the connection in todays 
construction industry. It does not . ·' . require precise automated 
construction. techniques required to pass the beam through the 
column. 
2) There are high compressive stresses at the beam-column 
interface which concentrate towar.d the edges of the column. This 
results in degradation of the grout material and causing a decrease 
in stiffness of the joint. Epoxy grout proved to be a more 
effective grouting mixture to prevent crushing than conventional 
grouts. 
3) The reinforcement: arrangement· of I specimen 3 was most 
successful in protec·ting the joint from excess damage. It caused 
an incr~ase in strength in the joint and forced the hinge to form 
farther away from the joint. The beam resisted a slightly increased 
moment. Consequentl·y, the increased elastic capacity may reduce the 
inelastic capacity. An alternative is to sufficiently extend the 
joint reinforcement of specimens 1 and 2 to protect the joint but 
not as far as the required length of specimen 3. 
4) The joint reinforcement design proved to be very 
conservative. The quantity of joint reinforcement for further 
experiments with similar reinforcement should be investigated. 
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TEST DAY AVERAGE CYLINDER 
STRENGTH (psi) 
. . 
7 4700 
---28 5630 
35 (SPECIMEN 3) 6700 
126 (SPECIMEN 1) 6950 
177 (SPECIMEN 2) 7326 
Table 1 - Concrete Compressive Strength 
i 
/' 
BAR SIZE YIELD STRENGTH ULTIMATE STRENGTH 
(ksi) (ksi) 
#5 70 112 
#6 61 101 
#7 60 88 
Table 2 - Reinforcing Steel :Strength 
.• ..; -,. •::." 1t;.. 
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LOAD SEQUENCE 
DUCTILITY FACTOR (x YIELD DISPLACEMENT) 
. 
I SPECIMEN 1 II SPECIMEN 2 II SPECIMEN 3 I 
0.75 0.83 0.77 
1.0 0.83 0.77 
1.0 1.2 1.0 
1.0 1.2 1.4 
2.0 1.2 2.0 
2.0 2.0 2.3 
2.0 2.0 2.7 
1.0 2.0 2.6 
3.0 1.0 
3.0 3.0 
1.0 3.0 
4.0 3.0 
1.0 1. 0 . 
5.0 4.0 
5.5 4.0 
4. 0 . ·. 
1. 0 
5.0 
5.0 
1.0 . 
7.0 . 
7.0 
9.0 
Table 3 - Specimen Load Histories 
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I 
LOAD SEQUENCE 
DUCTILITY FACTOR (x YIELD DISPLACEMENT) 
SPECIMEN 1 II SPECIMEN 2 II SPECIMEN 
0.75 0.83 0.77 
1.0 0.83 0.77 
1.0 1.2 1.0 
.1. 0 1.2 1.4 
2.0 1.2 2.0 
2.0 2.0 2.3 
2.0 2.0 2.7 
1.0 2.0 2.6 
3.0 1.0 
3.0 3.0 
1.0 3.0 
4.0 3.0 
1.0 1.0 
5.0 4.0 
5.5 4.0 
4.0 
1.0 
5.0 
.. 
. 5.0 
1.0 
7.0 
7.0 
9.0 
Table 3 - Specimen Load Histories 
'"' \ 
- 51 -
3 I 
I 
I 
(J1 
N 
I 
CYCLE 
1 
2 
3 
4 
5 
6 
.. . . 
7 
8 
9 
10 
11 
12 
. 
.. 
. 
LOAD DUCTILITY TOTAL SPECIMEN 
STEP LOAD FACTOR DEFLECTION DEFLECTION
 STIFFNESS K/~ax 
(kip) (in) (in) (kip/in) 
. 
4 15.1 0.75 0.77 0.43 
21.4 1.00 
.. 
. . . 
15 19.0 1.0 1.11 0.59 
17.2 0.80 
. 
. 
30 15.0 1.0 1. 53.· 0.78 
13.4 0.63 
. 
. 
38 13.2 1.0 1.17 0 .• 59 
13.2 0.62 
. 
50 20.2 . 2.0 2 .54· 1.12 
7.8 0.36 
. 
. 
66 17 .. 9 2.0 2. 5·5 1.12 
7.2 0.34 
76 17.7 2 .. 0 2.51 1.12 
7.1 0.33 
. 
. 
. 
91 20.3 3 .. 0 4.13 1 .. 65 
4.8 0.22 
. · . 
.. 
110 19.0 3.0 4.21 1.65 
4.5 0.21 
123 20.0 4.0 5.24 2.01 
3.8 0.18 
144 21. 2 . 5.0 6.94 2.70 
3.0 0.14 
163 20.0 5.5 7.85 3.03 
2.4 0.11 
. 
. 
. 
. 
Table 4 - Specimen 1-- Load, Deflection, and Stiffness 
u, 
w 
TOTAL ROTATION RATIO 
DUCTILITY MOMENT ROTATION 
FACTOR (kip-in) (radians) SECTION 1 SECTION 2 SECTION 3 TOTAL TOTAL TOTAL 
0.75 2062 0.0038 0.58 0.33 0.09 
. 
1.0 2600 0.0058 0.70 0.22 0.08 . 
. 
1.0 2597 0.0092 0.84 0.11 0.05 
. 
1.0 1807 0.0064 0.84 0.13 0.03 
2.0 2769 0.0158 0.86 0.12 I 0.02 
.. 
2.0 2458 0.0159 0.85 0.14 0.02 . 
. 
. 
2.0 2427 0.0154 0.85 0.13 0.01 
.. 
3.0 2778 0.0276 0.74 0.23 0.02 . 
. 
3.0 2607 0.0284 0.76 0.18 0.06 . .. 
4.0 2744 0.0359 0.74 0.18 0.08 
5.0 2903 0.0471 0.78 0.19 0.03 .· 
. 
5.5 2741 0.0535 0.83 0.13 0.04 
. . 
. 
. 
Table 5 - Specimen 1 - Moment and Rotation at Maximum, Positive Displacements 
. 
.. 
ENERGY RATIO 
' 
DUCTILITY STORY DRIFT TOTAL ENERGY 
FACTOR (in) (kip-in) SECTION
 1 SECTION 2 SECTION 3 JOINT 
TOTAL TOTAL TOTAL TOTAL 
I 
0.75 0.56 2.1 0 .29 
0 .24 0.05 ----
1.0 0.88 13.4 0.75 0
.02 0.07 0.16 
.. 
. 
. 
. 
1.0 1.08 19.7 0.85 0
.02 0.07 0.06 
. 
. 
. 
1.0 0.91 7.4 0.68 0
.00 0.16 0.16 
2 .. 0 2.04 63.1 0.84 0.08
 0.03 0.05 
. 
. 
. .. 
2.0 2.02 5·3. 7 0.81 0.
11 0.02 0.06 
. . 
I 2.0 2.02 46.5 0.80 
0.12 0.03 ·O. 05 
3.0 3.33 122 .. 6 0.64 0.
31 0.03 0.02 
. 
3.0 3.39 118.l 0.63 
o. 20· 0.05 0.04 . 
. . 
4.0 4.28 158.3 0.64 0. 
2 6 0.08 0.02 
. . 
. 
. 
. 
5.0 5.56 208.7 0.67 0. 25 
0.05 0.03 
. 
. 
. 
5.5 I 7.06 212.4 0.64 0.25 
0.06 0.05 
. 
. 
Table 6 - Specimen 1 - Story Drift and Energy Dissip
ation Capacity 
.. 
• 
. . 
0 . ' 
. 
. 
DUCTILITY 
FACTOR 
0.75 
1.0 
1.0 
1.0 
2.0 
2.0 
2.0 
3.0 
3.0 
4.0 
5.0 
5. 5 
0.75 
1.0 
.1. 0 
1.0 
2.0 
2.0 
2.0 
3.0 
3.0 
4.0 
5.0 
5.5 
. . 
' 
. 
,-.. 
'. 
STRAIN GAG~ READINGS (microstrains) 
LONGITUDINAL REINFORCEMENT GAGES 
2 3 .1 
-
5 1 
972 956 873 290 371 
1172 1193 1136 386 263 
1157 1243 1311 442 162 
918 10.20 1111 385 172 
1253 5238 3603 500 207 
1227 5527 5010 573 367 
1221 5349 551 -_:) 639 423 
1293 7309 7403 756 493 
2276 8095 8331 1061 720 
8789 9419 10125 1234 843 
10125 10125 10125 6028 948 
10125 10125 10125 8309 1719 . 
JOINT REINFORCE~.ENT GAGES 
. 
33 37 43 45 
. 
205 144 84 103 
384 301 111 160 
476 352 140 179 
391 272 111 139 
581 421 166 203 
684 399 169 186 
660 384 179 180 
7·00 428 203 207 
636 392 211 217 
654 386 238 225 
700 4.21 288 228 . 
619 394 239 244 
. 
Table 7 - Strain Gage Readings 
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( 
(J1 
m 
. 
. 
CYCLE 
1 
2 
3 
4 
. 
5 
6 
1 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
. 
' 
' . 
. 
>-~ 
. . ' '' 
. 
. 
LOAD DUCTILITY 
. TOTAL SPECIMEN 
STEP LOAD FACTOR 
. DEFLECTION DEFLECTION STIFFNESS K/~x 
(kip) (in) . (in) (kip/ in) 
. 
. 
4. 9 .. 9 0.83 O·. 47 0.25 20.3 0.94 . 
11 10 .. 0 0.83 0.44 0.22 21.5 1.00 
.. 
21 15.0 1.2 0.80 0.36 17.0 0.79 .. 
34 14.5 1.2 . 0.87 0.36 15.8 0.73 
. 
44 13.5 1.2 0.84 0.35 15.4 0.72 
56 16.2 2.0 1.58 0.60 10.2 0.47 . 
69 14.9 2.0 1.58 0.60 9.7 0.45 . 
. . 
. 
80 14.5 2.0 1.58 0.60 9.4 0. 44. 
. 
. 
92 16. 5. 3.0 2.47 0.90 7.0 0.33 
. 
. 
. 
106 16.0 3.0 2 .. 13 0.90 I 6.2 0.29 
115 15.5 
,: 3.0 2.72 0.91 6.1 0.28 
. 
. 
127 17.0 4.0 3 .. 63 1.20 5.0 0.23 . . 
. 
143 17.7 4.0 4.26 1.21 4.4 0.20 
. 
155 16.7 4.0 4.21 1.20 4.3 0.20 
. 
168 17.9 5.0 5.26 1. s.o 3.6 0.17 
. 
. 
187 17.0 ·5. o 5.26 1.50 3.5 0.16 
205 17.0 7.0 6.17 2.10 2.9 0.13 .. 
221 16.7 7.0 . 6.39 2.10 2.8 0.13 
. . 
234 18.2 9.0 7.84 2.73 ---· ---
Table 8 - Specimen 2 - Load, Deflection, and Stiffness 
I 
(.J1 
-J 
I 
.· 
TOTAL ROTATION RATIO 
DUCTILITY MOMENT ROTATION 
FACTOR (kip-in) (radians) SECTION 
1 SECTION 2 SECTION 3 
I TOTAL TOTAL TOTAL . 
0.83 1360 0.0025 0.43
 0.41 0.16 
. 
. 
0.83 1366 ...... 0.0025 0.28 
0.55 0.18 
. 
. 
. 
1.2 2057 0.0050 0.41 
0. 42 0.17 
1.2 1980 0.0057 0.48 
0.37 0.16 .. 
1.2 1845 0.0055 0.45 
0.37 0.17 
. 
. . 
. . 
,;. 2.0 2217 0.0109 
0.59 0.30 0.11 
. 
. 
2.0 2047 0.0108 0. 61 
0.29 0.10 
·. 
. 
. 
2.0 1988 0.0108 0.61 
0.28 0.10 
3.0 2262 0.0174 .o. 60 
0.31 0.09 
. 
. 
3.0 2187 0.0202 0.57 
0.33 0.10 
. 
3.0 2119 0.0202 0.58 
0.32 0.10 
. 
:,, 
4.0 2323 0.0270 0.56 
0.31 0.13 
. 
. 
. 
. 
. 
4.0 2426 0.0338 0.18 
0.68 0.14 
.. 
. 
. 
4.0 2289 0.0334 0.46 
0.39 0.15 . 
5.0 2447 0.0417 0.47 
0.37 0.16 
. 
. 
5.0 2334 0.0417 0.48 
0.37 0.15 
. 
7.0 2322 0.0452 0.63 
0.23 0.14 
. 
7.0 2285 0 .. 0476 0.67 
0.20 0.13 
9.0 2488 0.0584 0.75 
0.18 0.04 
Table 9 ~ Specimen 2 - Moment and Rotation at Maxi
mum Positive Displacements • 
I 
u, 
00 
I 
. 
. 
. . 
.· 
. 
' 
) 
ENERGY RATIO 
DUCTILITY STORY DRIFT TOTAL ENERG
Y I 
FACTOR (in) (kip-in) 
SECTION 1 SECTION 2 SECTION 3 JOINT
 
I TOTAL TOTAL TOTAL 
TOTAL 
-
0.83 0.38 0.6 
0.83 ---- ---- ----
0.83 0.35 0.4 
---
----
----
----
. 
. 
1.2 0.64 6.5 
0.83 0.17 0.00 0.00 . 
1.2 0.69 3.8 
0.84 0. 2 6 0.00 0.00 
. 
. 
1.2 0.67 3.2 
0.72 0.25 0.00 0.03 
. . 
2.0 1.27 
. 21.3 0.74 0.24 0.0
0 0.03 
. 
.. 
2.0 1.26 15.1 
0.80 0.19 0.00 0.03 
. 
2.0 1.26 12.7 
0.82 0.18 0.00 0.00 
' 
. 
. 
3.0 1.98 43.7 
0.65 0.28 0.01 0.06 
\ 
3.0 2.18 39.9 
0.65 0.31 0.01 0.03 
. . 
3.0 2.18 33.2 
0.66 0.29 0.01 0.04 
. . 
. . 
. 
4.0 2.91 64.2 
0.60 0.31 0.06 0.03 
4.0 3.41 89.0 
0.33 ' 0.58 0.09 ----
. 
4.0 3.37 80.7 
0.53 0.38 0.09 0.00
 
5.0 4.21 119.9 
0.56 0.34 0.10 0.00 
5.0 4.21 107.3 
0.53 0.34 0.12 0.00 
_[ 
7.0 4.93 106.1 
0.57 0.27 0.13 0.03 . 
7.0 5.11 90.6 0
.59 0. 2 6 ' 0.12 0.03 
. 
. 
9.0 6.27 ---- ---
-
----
----
----
Table 10 - Specimen 2 ~ Story Drift and 
Energy Dissipation Capacity 
. 
ST~.IN GAGE 
. 
READINGS (micro strains) . 
DUCTILITY LONGITUDINAL REINFORCEMENT GAGES 
FACTOR 1 2 3 4 5 
. 
0.83 1181 1279· ,· .- 821 27 -46 
0.83 1200 1357 844 26 -·3 
1.2 2056 1842 1519 340 95 
1.2 2060 2039 1754 205 319 
1.2 1990 1969 1793 132 252 
2.0 . 2214 6242 2264 256 412 
2.0 2162 7622 3492 92 784 
2.0 2151 8348 6614 130 853 
3.0 16120 14049 12000 250 921 
3.0 16342 14676 13494 273 1107 
3.0 16191 14721 14311 329 1122 
4.0 19711 17 4 51. 18436 448 1 i 9 ~ -- - ....J 
4.0 19240 20250 20250 719 1402 
I 4.0 15746 20250 20250 921 1756 
. 5.0 12280 20250 8727 1465 2109 
5.0 9205 15994 7167 12012 2660 
7.0 8279 12748 7333 12630 4251 
7.0 7491 12666 7306 4528 1209 
9. 0 - ~ 6536 11206 7324 3075 1849 . 
JOINT REINFORCEMENT GAGES 
. 
33 37 38 41 . 42 . 
0.83 183 137 116 54 91 
0.83 182 142 132 52 98 
1.2 257 242 215 103 201 
1.2 226 214 198 95 218 
1.2 213 209 174 87 221 
2.0 . 239 296 248 198 329 
2.0 213 280 220 242 329 
2.0 203 281 215 261 
'"' - 2 ~ . 
_, ...,, 
3.0 227 330 264 366 421 
3.0 243 339 275 383 
' t .11 
-- --
3.0 239 336 279 400 442 
. 
4.0 260 371 297 446 478 
4.0 351 378 337 489· - ') 0 :J "-
. 
4.0 486 397 400 579 ::; .1 0
 
..) . 
5.0 524 379 4 92 531 572 
5.0 £12 ,-. :) 328 686 281 3 98 
7.0 367 302 738 101 272 
7.0 296 240 444 22 366 
9.0 143 221 337 14 
3 r .1 0 • 
Table 11 - Specimen 2: Strain Gage Readings 
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I 
m 
0 
CYCLE 
1 
2 
3 
4 
5 
6 
7 
8 
. 
LOAD DUCTILITY TOTAL 
SPECIMEN 
STEP LOAD FACTOR DEFLECTION 
DEFLECTIOt-J STIFFNESS K/Kmax 
(kip) (in) (in) (kip/
in) 
3 12.1 0.77 0.44 
0.23 30.0 1.00 
14 12.0 0.77 0.45 
0.23 30.0 1.00 
29 15.0 1.0 0.61 0
.31 27.S 0.92 
·. 
. 
.. 
49 16.5 1.4 0.94 
0.42 18. 3 · 0.61 
69 17.0 2.0 1.54 
0.61 12.8 0.43 
. 
88 16.9 2.3 1.73 
0.68 11.4 0.38 
. 
. 
10.6 18.4 2.7 2.22 0.
81 7.0 0.23 
. 
. 
' 
124 17.0 2.6 2.08 
0.78 6.8 0.23 
. 
Table 12 - Specimen 3 - Load, Deflection, and S
tiffness 
TOTAL ' ROT.AT ION RATIO 
DUCTILITY MOMENT ROTATION 
FACTOR (kip-in) (·radians) SECT
ION 1 SECTION 2 SECTION 3 
TOTAL TOTAL TOTAL 
.. 
0.77 1663 0.0024 0.4
1 0.51 0.08 
0.77 1648 0.0024 0.42 
0.50 0.08 
. 
.. 
1.0 2055 0.0034 0.25 
0.64 ----
. 
1.4 2257 0.0058 0.29 
0.60 0.11 
2.0 2331 0.0104 0.10 
0.83 0.06 
I 
2.3 2320 0.0117 0.10 
. 0.89 0.01 
. 
. 
2.7 2527 0.0156 0.08 
0.78 0.14 
. 
. 
2.6 ·2324 0.0145 0.07 
0.80 0.12 
. 
. . 
Table 13 - Specimen 3 - Moment and Rotation 
at Maximum, Positive Displacement 
m 
N 
I 
. 
. 
ENERGY RATIO 
DUCTILITY STORY DRIFT TOTAL ENERGY 
FACTOR (in) (kip-in) SECTION 1 SECTIO
N 2 SECTION 3. JOINT 
TOTAL TOTAL TOTAL TOTAL 
. 
0.77 0.35 0.0 0.00 ----
0.00 ----
. 
. 
0:.77 0.36 0.4 0.00 ----
0.00 --·--
. 
' 
1.0 0.49 2.1 0.01 ---·-
0.00 ----
. 
. 
. 
1. 4. 0.75 11.8 0.01 0.93 
0.00 0.06 
.. 
2.0 1.23 21.7 0 01 . , 0.72 
0.18 0.09 
. 
, 
2.3 1.39 23.2 0.03 0.64 
0.24 0.09 
. 
. 
2.7 1.77 38.8 0.03 a.so 
0.32 0.07 
2.6 1.67 71.6 0.07 0.31 
0.50 0.13 
. 
. . 
Ta'ble 14 - Spe-cirnen 3 - Story Drift and Energy Dissipatio
n Capacity 
• 
STRAIN GAGE READINGS: (microstrains) 
DUCTILITY LONGITUDINAL REINFORCEMENT GJ..GES 
FACTOR 2 1 3 4 5 
0.77 180 986 1265 370 -l l . -
. 0.77 181 991 1273 386 -29 
1.0 225 1194 ·155 6 489 -82 
1.4 257 1289 1761 632 
. .. 0 
- .!. .l. 
2.0 4 60 1356 1159 692 - i L1 L1 - - -
2.3 939 1364 1756 684 -148 
2.7 1512 1512 1940 789 -171 
2.6 ' 1568 1463 1799 7 67 -138 
,. 
. 
. 
. . 
. 
JOINT REINFORCEMENT GAGES 
37 40 t. .1 49 52 
. 
- -
0.77 496 370 776 86 2 4·g 
0.77 498 370 716 88 249 
1.0 . 599 412 7 63 117 • 275 
1.4 646 645 7 98 14·2 431 
. 
2.0 613 739 869 143 
L1 7 ... 
- :, 
2 .. 3 608 702 842 161 503 
2.7 673 819: 959 211 578 
2.6 606 769 927 277 542 
Table 15 - Specimen 3: Strain Gage Readings 
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\ 
,, 
.. 
YIELD STRENGTH MAXIMUM STRENGT
H FINAL 
{KIP) (KIP) STORY
· 
SPECIMEN 
DRIFT . 
PREDICTED ACTUAL PREDICTED A
.CTUAL (in) 
. 
I 1 19.0 19.0 2
2.8 21.2 7.1 
2 15.0 15.0 18.0 
18.2 6.27 
I 3 15.0 15.0 .18. 0
 18.4 1.67 
-
. 
,, 
Table 16 - Comparison of Actual and Pr
edicted Strengths 
• 
' 
/, ,,, 
COLUMN 
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I 
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Figure 1 - Precast Concrete Moment Connec
tion 
m 
m 
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Figure 15 - Linear Variable Displacement Transducer 
(LVDT) Arrangement 
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Figure 16 - Location of Linear Variable Displacement Transducers (LVDT) 
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Figure 39 - Specimen 3 at Termination of Test (continued) 
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Figure 39 
\ 
a) Crack Detail of Tension Zone 
' 
I • 
.., 
- . - - , -.. ... .. 
b) Reinforcing Bar Weld Failure 
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(continued) Specimen 3 at Termination of Test 
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